Frasera fastigiata and F. umpquaensis are large, long-lived, perennial herbs with hollow stems, whorled leaves, large nectaries hidden by fringed hoods, and synchronized flowering. They differ in flower color and their ranges are disjunct. Some authors have treated them as conspecific due to their overall morphological similarity. The taxa can be distinguished by isozyme band patterns and by morphological traits including corolla color, relative lengths of corolla and calyx, and calyx lobe shape. Both isozyme differences and morphological differences are not completely fixed, but plants with one atypical feature can be identified by their combination of traits. The taxa should be recognized as distinct species.
Frasera umpquaensis M. Peck & Applegate (Peck and Applegate 1941) is a rare plant with a discontinuous range entirely west of the CascadeSierra axis from Lane Co., Oregon, to Trinity Co., California (Fig. 1) . Young plants produce a rosette of slightly fleshy leaves, surprisingly lush in their upland habitat. After four to ten or more years, the long, thick rhizome puts up a flowering stalk that may exceed 1.7 m in height, bearing dozens of 1.2 cm-long, white to clear light green flowers that may have a purple tinge. Each of the four petal lobes bears a single large nectary surrounded and partly concealed by a fringed hood. Additional hairs arise below the nectaries, between the filaments. Flowering tends to be synchronized, with almost no plants over a large area flowering in some years and many flowering in other years. After fruiting, the plant returns to the rosette stage for four or more years. An individual plant may live for decades (Kaye 2001) .
Frasera umpquaensis belongs to a group of four species characterized by this unusual life history, including synchronized flowering, and by tall, hollow stems and whorled leaves (Post 1958) . The other three species are F. caroliniensis Walter of eastern North America, and the western species F. speciosa Douglas ex Griseb. and F. fastigiata (Pursh) A. Heller. Frasera caroliniensis and F. speciosa have more open inflorescences with larger, rotate, white or greenish corollas speckled with purple or brown. Frasera speciosa is unique in this group in having two nectaries on each petal and large, fringed scales (the corona) that originate below the nectaries and partially cover them (Beattie et al. 1973) . Frasera umpquaensis and F. fastigiata have denser inflorescences with smaller, usually solid-colored flowers that do not open flat, and their corona is represented by a row of long hairs below the nectary, originating between the bases of the filaments (Table 1) . Frasera fastigiata grows in Idaho and southeast Washington, while F. umpquaensis lives in southwest Oregon and northwest California (Fig. 1) .
Frasera umpquaensis was said to differ from F. fastigiata in the corona hairs, the length and shape of the calyx lobes, and the corolla lobe width and apex shape (Card 1931; Peck and Applegate 1941; St. John 1941) . Pringle (1990) stated that F. fastigiata can have corona hairs and implied that earlier illustrations omitting them (Card 1931) were in error, attributed the supposed calyx lobe differences to diverse interpretations of the words ''lanceolate'' and ''linear'' by different botanists, and dismissed supposed differences in corolla apex shape as variable within Frasera species. He summarized, ''comparison of specimens from California identified as … F. umpquaensis with specimens from the Blue Mountains of Oregon and from Idaho identified as … F. fastigiata disclosed no differences by which the two taxa could be distinguished'' (Pringle 1990, p. 186 ).
Pringle's (1990) rejection of F. umpquaensis species status had an air of finality, but botanists working with the plants were not satisfied. The color difference, the difference in average inflorescence size, and the 500-km disjunction between their ranges suggested that they were genetically MADROÑ O, Vol. 57, No. 2, pp. 106-119, 2010 distinct and therefore should be treated as two species.
We report results of isozyme analysis and morphological studies of F. umpquaensis and F. fastigiata with the goal of clarifying their taxonomic status. We consistently use the name F. umpquaensis for the white to green-flowered plants of southwest Oregon and northern California, and F. fastigiata for the blue-flowered plants of Idaho and southeast Washington.
MATERIALS AND METHODS

Chromosomes
In October 2008, the somatic chromosome number of Frasera umpquaensis was determined by observation of mitosis in root tips of plants that had been grown at the Oregon State University greenhouse from seed collected in 2007 near the Elk Camp shelter, near Sourgrass Mountain in the Willamette National Forest, Lane Co., Oregon, at 4500 ft elevation. Excised root tips were pretreated in a saturated aqueous solution of p-dichlorobenzene at 4uC for 5 hr prior to fixation in Carnoy's fluid (95% ethyl alcohol and glacial acetic acid, 3:1 v:v). The root tips were hydrolyzed in a mixture of concentrated HCl and 95% ethanol (1:1 v:v) for 5-15 min, macerated in acetocarmine, and mounted with a small amount of Hoyer's solution (Beeks 1955) . A Zeiss Photoscope III microscope equipped with phase-contrast optics was used to determine chromosome numbers in cells undergoing mitosis.
Isozymes
In the summer of 1996, two to five leaves per plant were collected from 75 individuals in three populations of Frasera fastigiata and 178 individuals in seven populations of F. umpquaensis (Table 2 ; Fig. 1 ). Leaf samples were shipped on ice to the National Forest Genetic Electrophoresis Laboratory (NFGEL). For each individual, three 7 mm diam. leaf discs were placed in a Tris buffer pH 7.5 (Gottlieb 1981 ) and stored at 270uC. On the morning of the run, samples were thawed, macerated, and absorbed onto 3 mm wide wicks prepared from Whatman 3MM chromatography paper.
Methods of electrophoresis follow the general methodology of Conkle et al. (1982) except that most enzyme stains are somewhat modified as outlined in USDA Forest Service (1995) . A lithium borate electrode buffer (pH 8.3) was used with a Tris citrate gel buffer, pH 8.3 (Conkle et al. 1982) , to resolve alcohol dehydrogynase (ADH), leucine aminopeptidase (LAP), phosphoglucomutase (PGM), and phosphoglucose isomerase (PGI). A sodium borate electrode buffer (pH 8.0) was used with a Tris citrate gel buffer, pH 8.8 (Conkle et al. 1982) , to resolve catalase (CAT), glutamate-oxaloacetate transaminase (GOT), triosephosphate isomerase (TPI), and uridine diphosphoglucose pyrophosphorylase (UGPP).A morpholine citrate electrode and gel buffer, pH 8.0 (USDA Forest Service 1995), was used to resolve diaphorase (DIA), florescent esterate (FEST), isocitrate dehydrogenase (IDH), and malate dehydrogenase (MDH). A Tris citrate electrode and gel buffer, pH 7.2 (USDA Forest Service 1995), was used to resolve phosphogluconate dehydrogenase (6PGD). All enzymes were resolved on 11% starch gels. Enzyme stain recipes follow USDA Forest Service (1995) except that GOT was stained using the recipe from Wendel and Weeden (1989 Because the limited information available (Post 1958) suggested that these species might be hexaploid and there are no crossing studies to determine the inheritance of isozymes in Frasera, we were unable to provide a genetic interpretation for the complicated band patterns observed on the isozyme gels. Gels were therefore scored for (1) banding pattern, and (2) band presence/ absence. This type of data results in a phenotypic (band pattern and presence) instead of genotypic (alleles and loci) analysis. The band pattern data were used to calculate the average phenotypic identities between pairs of populations using Hedrick's measure of phenotypic identity (Hedrick 1971) .
Diversity measures within populations were calculated by several methods (after Chung et. al. 1991) : (1) the number of bands found in each population, (2) percentage of the enzymes that yield more than one band pattern among individuals in a population, (3) the average number of band patterns per stain in a population, (4) the polymorphic index (PI), based on the frequency of occurrence of each band, and (5) the Shannon-Weaver Diversity Index (Shannon 1948 ) based on band pattern frequency.
Ordination was performed in the R statistical environment (R Development Core Team 2008) . A simple pair-wise distance matrix was constructed from isozyme phenotypes using the function dist.gene from the R package 'ape' (Paradis et al. 2004 ). Kruskal's non-metric multidimensional scaling (NMS) was performed on the matrix of pair-wise distances using the R function isoMDS. In order to facilitate NMDS, zeros in the pairwise distance matrix were replaced with the arbitrarily small value of 0.0001.
Morphology
We examined 27 sheets of F. umpquaensis representing 16 distinct collections and 137 sheets of F. fastigiata representing 105 distinct collections, from HSC, ID, ORE, OSC, UC, WILLU, and WTU (Appendix 1). Selected flowers were soaked in water and opened to observe the corona. Other traits we examined included flower color (when it could be determined from the label or dried material), number of leaves in each whorl, inflorescence width, relative length of calyx and corolla, lengths of filaments and petals, and length, width, and shape of calyx lobes. To examine the relationship between the two taxa with morphometric information, we used NMS as implemented in PC-ORD (McCune and Mefford 2006). Non-metric multidimensional scaling searches iteratively for an ordination with low stress, a measure of the relationship between ranked distances in multidimensional space to the ranked distances in the reduced ordination (Peterson and McCune 2001) . The following quantitative traits were used: inflorescence width, filament length, length and width of the longer calyx lobe, difference in length between two adjacent sepals, petal length, and difference in length between petal and longer sepal. In addition, the qualitative trait of flower color was scored 1 5 blue, 0 5 non-blue (white or green). We used a random seed with 250 runs of real data to ensure the ordination had low stress. Monte Carlo simulations with 250 iterations were used to assess the probability that final stress could have been obtained by chance. A stability criterion of 0.0001 was used. Student's t-tests were performed in Microsoft Excel (Microsoft Corportation 2003) to test for significance of differences between the two taxa in sepal length and width, petal length, inflorescence width, and the difference between petal length and sepal length.
RESULTS
Chromosomes
In 2008, counts of 78 chromosomes in each of 4 root tip cells undergoing mitosis confirmed that F. umpquaensis was polyploid and, because the base chromosome number in Frasera is 13 (Rork 1949) , presumably hexaploid.
Isozymes
Frasera isozymes produced the variable, often complicated band patterns expected of polyploids. Tentative genetic interpretations could be developed only for the simpler band patterns, biasing genetic analysis against the more variable enzymes (MDH-2, PGI-1, TPI-1, and UGPP; Appendix 2) that most clearly distinguished the two taxa. Therefore, analyzing the isozyme patterns phenotypically, as patterns and bands, was more appropriate than genetic analysis for these Frasera species (Chung et al. 1991) .
Most populations of Frasera fastigiata and F. umpquaensis were moderately to highly variable with 40-60% polymorphic loci (Table 3) . The Willamette and Shasta-Trinity populations, isolated at the northern and southern ends of the F. umpquaensis range, respectively, were the least variable. In the Shasta-Trinity population all but two stains were monomorphic.
Although no fixed isozyme differences distinguished F. fastigiata from F. umpquaensis, overlap was slight in certain enzymes (e.g., MDH and PGI-1) and restricted to the ShastaTrinity population in one enzyme (TPI-1). In general, Hedrick's measure of phenotypic similarity had high values for within-taxon comparisons and low values for between-taxon comparisons (Table 4 ). The NMS ordination based on the band patterns in individual plants resulted in two clusters corresponding to the two species (Fig. 2) .
The geographically isolated Shasta-Trinity population of F. umpquaensis was relatively dissimilar to other F. umpquaensis populations (Table 4) . When F. umpquaensis and F. fastigiata differed at an enzyme for which the ShastaTrinity population was monomorphic, the Shasta-Trinity population shared its band pattern with other F. umpquaensis populations (e.g., for MDH, PGI-1, and PGM; Appendix 2). However, at one of its two variable enzymes (TPI-1), the Shasta-Trinity population had band patterns (Table 4) .
Morphology
Some traits reported to distinguish F. umpquaensis from F. fastigiata failed to separate the taxa consistently, but others were effective (Tables 5 and 6 ). Corona hairs were sometimes difficult to assess on herbarium specimens because chipping into the dried flowers often broke them, while soaking the flowers rendered them nearly transparent. The hairs often stuck to the fringed membrane that surrounds the nectary, and freeing them intact was difficult. Corona hairs were numerous and easy to see in all 19 F. umpquaensis flowers examined for them (Table 5). These hairs were also numerous in 18 of the 20 F. fastigiata specimens examined for them, but were often hard to see even when they were numerous. They were absent or sparse in flowers of two F. fastigiata specimens, varying among flowers in one inflorescence in one specimen (Sondenaa 327).
In F. umpquaensis, calyx lobes were longer than the mature corolla lobes (Table 5 ); in F. fastigiata they were shorter, and the difference was statistically significant (Table 6 ). However, in one of the 93 F. fastigiata specimens examined for this trait, Bjork 7727, the calyx lobes were clearly longer than the corolla on many of the mature flowers. Relative calyx length was often difficult to assess because the calyx lobes were longer than the corolla in bud, in both species. After anthesis the corolla lobes withered and folded, making comparisons of length misleading unless the flower was soaked and the corolla lobes unfolded.
In general, the two species were differentiated by calyx lobe shape (Table 5 ) and length (Tables 6). In F. umpquaensis, calyx lobes were usually linear (uniform in width) at least in the proximal half or lanceolate (widest above the base), though some were subulate (widest at the base and tapering uniformly to the tip). In F. fastigiata, all calyx lobes in most inflorescences and some calyx lobes in all inflorescences were clearly subulate. In both species, the two pairs of calyx lobes were sometimes found to differ in shape and/or length. Calyx lobes were significantly longer in F. umpquaensis than in F. fastigiata and corolla lobes were signficantly longer in F. fastigiata, although the the range of variation in these traits overlapped between the two species (Table 6) . Flower color was difficult to assess on herbarium specimens because corollas in many older specimens of both species faded to tan. Flower color was not reported on the labels of the 16 F. umpquaensis specimens examined. Field workers report that the flowers are white to greenish, often lightly tinged with purple (Thomas Kaye personal observation; Jennifer Lippert, Willamette Natl. Forest, personal communication). Flower color was pale and greenish on the more recently collected herbarium specimens. Labels of the 21 F. fastigiata specimens that mentioned flower color reported it to be blue (including pale blue and ''fairly deep blue''), purple, or lavender. Corollas of the more recent dried herbarium specimens varied from deep gentian blue to light purplish blue, with few exceptions (Table 5) . One sheet (Richards 116) consisted of a shoot with blue corollas speckled with darker blue, and two shoots with pale flowers that may have been white in life. Flowers on several F. fastigiata specimens had inconspicuous darker speckles on blue corollas, and on a few sheets the speckles were relatively conspicuous (e.g., Constance 1771, Williams & Goff 16, and Wilson 241).
Nonmetric multidimensional scaling based on multiple morphometric traits produced a final stress of 6.188 and usually separated Frasera fastigiata from F. umpquaensis (Fig. 3) . The two F. fastigiata that overlapped the cluster of F. umpquaensis were Bjork 7727 which had sepals up to 2.3 mm longer than the petals, and the paleflowered individual in Richards 116. Despite these anomalies, Bjork 7727 could easily be assigned to F. fastigiata because of its blue flowers, subulate calyx lobes, and two cauline leaves per whorl. The pale-flowered plants in Richards 116 had blue speckles and mostly subulate calyx lobes that were shorter than or barely longer than the corollas. Those traits, plus its occurrence in a population with blue flowered-plants, would lead to its correct identification.
DISCUSSION
Frasera umpquaensis and F. fastigiata are more similar to each other morphologically than they are to any other species, but they are not the same. Isozymes consistently distinguished the two taxa, although differences were not completely fixed (Fig. 2) . The two taxa could be distinguished morphologically as well (Fig. 3) , but as was true for isozymes, the differences were not completely fixed. Despite these occasional inconsistencies, all specimens could be easily identified to taxon when all traits were taken together. For example, a specimen that had an unexpected calyx length was typical of its taxon for other traits.
The past confusion over the differences between these taxa results in part from using unreliable traits (Peck and Applegate 1941; St. John 1941; Pringle 1990 ). Corona hairs do help differentiate the umpquaensis-fastigiata species pair from F. speciosa, which has fringed, membranous corona scales, and from F. caroliniensis, which has very short hairs (Table 1) , but corona hairs are variable within F. fastigiata and hard to assess in both that species and F. umpquaensis. Corolla tip shape, too, is variable and hard to assess. Although calyx lobe shape tends to differentiate F. fastigiata from F. umpquaensis, it may vary even within an inflorescence. When the appropriate traits are evaluated, F. umpquaensis and F. fastigiata are readily distinguished (Tables 5 and 6 ). Frasera umpquaensis has white to green flowers, calyx lobes that surpass the corolla, and usually longer, linear to lanceolate calyx lobes. In general, F. fastigiata has blue flowers, calyx lobes that are exceeded by the corolla (at anthesis), and shorter, subulate calyx lobes. Some F. fastigiata plants resemble F. umpquaensis in one of these traits, but not in all of them. In both species, calyx lobe shape may vary within the inflorescence.
Both isozyme variation and morphology indicate that these two taxa are genetically distinct. Their geographic separation suggests that the differences between the two will only become greater due to reproductive isolation. Because of this evidence, Frasera umpquaensis and F. fastigiata should be recognized as separate species. 
